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Almost licensed
Exact duplication of all the DNA in a cell occurs during each S phase, and
only once in each cell cycle. Recent results show that conserved proteins
of the MCM family contribute to these precisely regulated events.
In proliferating cells, chromosomal DNA is replicated
exactly once between successive cell divisions. In order
to understand the precision of this process, it will be nec-
essary to have a detailed knowledge of the molecules that
are required to initiate replication, and of the organiza-
tion of chromatin and nucleus that supports the process.
As the usual alternation between S phase and mitosis (M
phase) is not obligatory in all situations, regulatory ele-
ments must also be required, and these must affect not
only the timing of one phase relative to the other, but
also whether one phase occurs before the recurrence of
the other. Three groups of workers have recently identi-
fied members of a family of proteins which are required
for initiation of nuclear DNA replication in extracts of
Xenopus eggs [1-3]. Here, we discuss these observations
and consider whether the proteins might provide the
means by which S phase occurs completely, but normally
only once, in each cell cycle.
human. They are not only required for initiation of
S phase but also become localized to the nucleus late in
mitosis and disappear as the cells progress into S phase,
CDC47p being cytoplasmic until the next telophase [9].
The temporal correlation between this behaviour and
the changes in origin protection, along with the genetic
evidence that MCM5 interacts with the ORC and the
evidence of physical interaction between MCMs 2, 3
and 5, make it easy to imagine that they contribute to
pre-replicative origin complexes (Fig. 1). Replication
would then be initiated by phosphorylation/dephospho-
rylation events following commitment to the cell cycle
at 'Start' [4]. After initiation, the ORC is left at the ori-
gin, the replication forks progress away and the MCM
proteins disappear. Re-replication could then be pre-
vented by the inability of MCM proteins to enter nuclei
during S and G2 phases.
Replication origins and initiating S phase
Chromosomal replication is initiated at multiple origins,
but the number of origins that function decreases during
development. Heritable regions containing replication
origins have been identified in mammalian cells, but in
Xenopus eggs and extracts specific DNA sequences are
not required [4]. Autonomously replicating sequences
(ARSs) that act as origins have been identified in the
budding yeast, Saccharomyces cerevisiae. A complex of six
proteins, the origin recognition complex (ORC), binds
to ARSs in vitro, producing a particular pattern of protec-
tion against digestion by DNase I. The same protected
'footprint' is observed in vivo, but only during S and G2
phases and most of M phase [5]. Replication origins
seem to be protected by proteins throughout the cycle,
changing from a pre- to a post-replicative state at the
start of S phase. Late in mitosis, the footprint is enlarged,
suggesting that additional proteins are associated with this
site and with the ORC during G 1.
What are likely candidates for these additional proteins?
The CDC6 gene's protein product associates with the
ORC [6], and cells of a cdc6 mutant strain arrest without
initiating replication and with a post-replicative origin-
protection pattern [5]. Like cdc6, mutants in a family of
other genes - CDC47, CDC54, MCM2, MCM3 and
MCM5 - show reduced capacity for mini-chromo-
some maintenance; that is, they lose genetically marked
mini-chromosomes rapidly [7,8]. The MCM protein
family have a conserved nucleic-acid-dependent ATPase-
like region, and homologues are found from yeasts to
Fig. 1. A representation of pre- and post-replicative origin states,
based on results with yeast origins [4,51. MCMp, one or more
MCM family proteins; ORC, origin recognition complex with
ABF1 and perhaps other proteins; RC, replication complex;
CDC6p, product of the CDC6 gene. CDC28p and CDC7p/Dbf4
kinases are required for the initiation of S phase.
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The licensing factor hypothesis
A proposal that can account for the occurrence of only
one round of replication in each cell cycle was developed
by Blow and Laskey [10], on the basis particularly of
experiments using frog egg extracts. As anticipated from
events in vivo, nuclei formed in such extracts undergo
one round of semi-conservative replication and will only
re-replicate if the nuclei subsequently progress through
mitotic events, or if their nuclear membranes are per-
meabilized [10]. They hypothesized that a component
required for replication was excluded by the nuclear
envelope. This 'licensing factor' could gain access and
bind to chromatin during mitosis, or before membrane
assembly in egg extracts. Only chromatin-associated
licensing factor would be active, and S-phase progression
would inactivate the factor. Thus, replicated DNA could
not re-replicate until exposed again to licensing factor
following nuclear membrane breakdown.
Nuclei from Gl-phase cells become advanced into
S phase in egg extracts without permeabilization, but
they replicate their DNA only slowly and appear to use
initiation sites normally used by the cell type from
which they were taken [11]. Thus, M phase appears
important for access to chromatin, and reformation of
nuclear structure important for defining origin sites. M-
phase extracts contain active mitotic (cdc2p) kinase and
can be released into interphase by the addition of Ca2+
(Fig. 2). Some protein kinase inhibitors (such as 6-
DMAP or staurosporine) suppress cdc2p kinase activity
and block replication but not nucleus formation [12,13].
Analysis of the properties of these treated extracts was
interpreted in terms of a failure to activate the licensing
process, and provided possible routes for identifying the
molecules involved.
Licensing factor should bind to chromatin before the
nuclear membrane forms. Kubota et al. [1] followed this
prediction by comparing chromatin-bound proteins pre-
pared in the two types of extract (see Fig. 2b). A protein
they call p100 associated exclusively with chromatin from
untreated (S-phase) extracts. Immunodepletion studies
indicated that p100 was one of three proteins that co-pre-
cipitated with each other, and without these three proteins
S-phase extracts supported nucleus formation but not
replication. Expression cloning identified the human and
Xenopus p10 0 s as MCM3p homologues. Immunofluores-
cence revealed that p100 associated rapidly with sperm
chromatin, before association of replication protein A
(RPA, Fig. 2) or membrane formation, and subsequently
disappeared from chromatin by G2 phase, although its
staining remained nuclear. Fluorescein-labelled p100
tagged with glutathione-S-transferase (GST) did not enter
pre-formed nuclei or G2-phase HeLa nuclei, although it
associated with mitotic chromatin. These features are
remarkably close to those of licensing factor.
There is a fly in the ointment, however. Madine et al.
[2] used the known conserved regions in MCM proteins
to clone cDNA encoding an almost identical Xenopus
Fig. 2. Sequence of events in M-phase Xenopus egg extracts
when demembranated sperm heads are added and then released
into interphase following addition of Ca2 + with (right) or without
(left) prior addition of the protein kinase inhibitors 6-DMAP or
staurosporine [12,13]. (a) M-phase extracts, prepared from unfer-
tilized eggs, have high activity of mitotic cdc2p-cyclin kinase as
well as other active kinases. The kinase inhibitors used are
known to inhibit cyclin-dependent kinases but may have other
effects. Sperm chromatin is shown in blue. (b) Kinase activity is
lost (left) or inhibited (right). XMCM3 is shown in red. (c) Repli-
cation protein A (RPA, in black) shows a punctate pre-replication
pattern [23]. (d) Formation of the nuclear envelope (green) is
necessary for S-phase initiation by cyclin-dependent kinases
[21]. Left: punctate replication foci are observed colocalizing
with RPA early in S phase; XMCM3 and chromatin are uniformly
distributed. Right: nuclear envelope formation leads directly to a
G2-like morphology with chromatin threads; replication does not
occur. (e) Left: condensed chromatin fibres appear in G2 nuclei;
XMCM3 is nuclear but not tightly chromatin-associated [1,2];
RPA foci are detected [22]. (f) Activation of mitotic cdc2p-cyclin
kinase, either directly (left) or by transfer of nuclei in M-phase
extract (right) induces nuclear envelope breakdown. Chromo-
somes can be seen. RPA does not associate in foci on chromatin
when cdc2p-cyclin B is active [231.
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MCM3. Antibodies to this 'XMCM3' precipitated four
proteins: an MCM2, MCM5 and another MCM family
member, as well as XMCM3. This complex of proteins
was required for replication. But nuclei formed in an
extract immunodepleted of this complex could import
XMCM3 and replicate DNA when transferred to fresh
S-phase extract. Thus, the complex (or at least XMCM3)
could cross an intact nuclear membrane. These appar-
ently contradictory results may be reconciled if XMCM3
crosses the membrane of nuclei only in G1 phase of the
cell cycle. Alternatively, the GST-tagged XMCM3 may
not accurately reflect the behaviour of the native protein,
even though it can bind to mitotic chromatin. A third
possibility is that XMCM3 (with the rest of the complex)
can cross the nuclear membrane during any phase of the
cycle, but can only bind productively to chromatin dur-
ing mitosis or G1, implying that other components con-
tribute to the licensing process. Indeed, Chong et al. [3]
provide evidence for a second factor. They fractionated
S-phase egg extracts to find components that could
restore replication in extracts unable to initiate S phase
(Fig. 2). Two fractions were necessary for rescue, one of
which purified as three proteins very similar to the MCM
complexes identified by the other two groups. Notably,
chromatin-associated XMCM3 was released as replication
occurred. The common features identified by the three
groups are remarkable, although a component unable to
cross the nuclear membrane was not identified. The
second fraction necessary for rescue awaits purification.
Replicating once completely, and only once per cell cycle
It is perhaps not surprising that XMCM3 can cross an
intact nuclear membrane, as the nuclear membrane does
not break down during mitosis in yeast. It was the timing
of nuclear entry and loss that provided a link between
the yeast MCMs and licensing factor. Analysis of the
nuclear localization of mammalian MCM homologues
BM28 (MCM5) and P1 (MCM3), both of which seem
to be required for replication, suggest that they are
widely distributed and tightly associated with chromatin
during G1, and they are gradually released during S
phase [14-16]. Colocalization studies show that they are
not preferentially localized at sites of replication. They
are abundant proteins, estimated to be present at 105-106
molecules per cell [16,17]. These features suggest that
MCM proteins bind throughout the chromatin and may
not be restricted to replication origins. Nuclear entry of
high levels of MCMs might saturate the chromatin and
ensure that, when replication does occur, it does so com-
pletely. Interestingly, in assays of the replication of simian
virus 40 (SV40) DNA in vitro, protein-free DNA is repli-
cated more than once, whereas SV40 chromatin is repli-
cated only once [18]. This was interpreted in terms of
structural constraints to replication imposed by replica-
tive chromatin assembly. One role of MCMs might
therefore be to counteract the constraint to replication
imposed by folding DNA into nucleosomes and fibres.
If MCM-like proteins are involved in ensuring that there
is only one S phase before each mitosis, how is this
achieved, as the vertebrate MCM proteins are nuclear
throughout interphase? Phosphorylation changes are
likely to be important, particularly as there is evidence of
phosphorylation changes at the appropriate times [16,17],
and the cyclin-dependent kinases are essential cell-cycle
regulators. In the fission yeast Schizosaccharomyces pombe,
deletion of the cdc13 gene, which encodes a B-type
cyclin, leads to endoreduplication with discrete doublings
of DNA content [19]. These authors suggest that the
cdc2p-cyclin B complex identifies the cell as being in
the G2 phase of the cell cycle [19]. How this is achieved,
and how the implied gaps between S phases are main-
tained when the complex is not formed, remains to
be explained.
The use of egg extracts in cell-cycle studies has its
intellectual origins in nuclear transplantation experi-
ments. Adult G1 nuclei injected into eggs initiate S phase
but replicate more slowly than sperm chromatin. This is
thought to have contributed to the low viability of
embryos made by the transfer of adult cell nuclei into
eggs [20]. Surprisingly, partial embryos, in which the
injected nucleus was thought to be segregated, partly
replicated, into only one of the two cells following first
mitosis, gave the best serial nuclear transfer results. In
such cases, if all the nuclear DNA were 'licensed' to initi-
ate replication at multiple sites by a cytoplasmic factor at
first mitosis, some DNA should replicate twice but some
only once during the first two cell cycles. Alternatively,
perhaps some feature of the chromosomes prevents reini-
tiation until fully replicated, even when forced unwill-
ingly through mitosis. The molecules now identified
using egg extracts are important for initiating S phase,
but input from nuclear structure and cyclin-dependent
kinases seem also to be required for the coordination and
restriction of S phase in the cell cycle.
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